late fall. Compared with SG, big bluestem (BB) and indiangrass (IG) generally have greater nutrititive value because of their later onset of maturity and leafiness during early summer, which provides more consistent quality forage throughout a majority of the growing season (Ball et al., 2015; Mitchell et al., 2001; Redfearn and Nelson, 2003; Stubbendieck et al., 2002) .
The timing of an early-season forage harvest may also affect the chemical composition of the biomass regrowth. For NWSG biomass systems, biofuel yield predictions have usually been based on the cellulosic components where digestibility components of fiber, lignin, and cellulose make up 95% of the information needed (Lorenz et al., 2009 ). The increased lignin concentrations limit the conversion process by inhibiting sugar and fermentation recovery from biomass (Dien et al., 2006; Sanderson et al., 2006; Vogel and Jung, 2001) .
Switchgrass has been a primary species used in biomass research, where under a single fall biomass harvest it is desirable to have high neutral detergent fiber (NDF) and acid detergent fiber (ADF) with less N and ash (Mulkey et al., 2008) . More lignin was found in SG biomass harvested in fall after a boot-stage forage harvest compared with a single fall biomass harvest (Richner et al., 2014) . Recent work on NWSGs in monoculture and mixtures reported that SG should be included in mixtures because it resulted in greater biomass yield and greater cellulose compared with mixtures with BB and IG (Hong et al., 2013) . The addition of BB and IG in the species mixtures produced biomass that contained less lignin than any monoculture (Hong et al., 2013) . Vogel et al. (2013) concluded that biomass ideal for biofuel production should have decreased fiber and ash content with greater digestibility to convert the cellulose more efficiently. Digestibility is an important component in the sugar extraction process and correlates with lignin (negatively) and cellulose availability (positively) for fermentation (Chang and Holtzapple, 2000; Lee, 2006) . Typically, NWSGs have been promoted as requiring less inputs when used for biomass production. However, when reviewing recommendations for N fertilization, many differences in results and conclusions surfaced. The only recommendations that were consistent were that fertilization with N is not recommended during the first year due to weed pressure and that an application of N during grass green-up may increase yield and nutrient content (Thomason et al., 2005) . In Texas, applications of 168 kg N ha -1 made annually during the early growing season were reported to result in the greatest yield with adequate moisture allowing the available nutrients to be used effectively by SG grown for biomass production (Muir et al., 2001) .
As NWSG species are combined, additional nutrient replacement may be necessary depending on the harvest management of hay and/or biomass. Fertilizer applications of P and K are based on regular soil testing and applied only when soil test results show low amounts. This can be a problem when replacement fertilizer is not applied if the NWSGs are for hay production because more plant material is removed during harvests. This is particularly relevant with N applications because as forage and biomass removal dramatically increases, removal of soil nutrients also increases (Epstein et al., 1996; Muir et al., 2001; Ocumpaugh et al., 2003) . Recently, Seepaul et al. (2014) reported that P and K removal increased with a two-harvest system compared with a single fall biomass harvest. Furthermore, fertilizer recommendations in a dual-use system may need to be increased to produce high-quality forage and biomass in the same system (Brejda, 2000) . Other research that focused on forage and biomass systems reported that greater yields remove more nutrients and potentially require more fertilization, but there is limited research on mixed NWSG stands (Guretzky et al., 2011; Propheter and Staggenborg, 2010) .
This study was conducted to investigate the impact of forage species and harvest timing on the forage nutritive value and biomass quality of NWSGs. The objectives of this study were to determine (i) the effect of two early-season harvest timings (early-boot [EB] and early-seedhead harvest [ESH]) on forage nutritive values of native grasses in monoculture and mixtures and (ii) the effect of forage harvest timing on biomass quality in a dual-use system. Yield data from this study (forage and biomass) have been previously reported in McIntosh et al. (2015) . 
mATERIAlS And mEThodS location
-5-methylnicotinic acid) to provide pre-emergence weed control. The SG plots did not require additional weed control before planting. At establishment, no lime, P, or K fertilizer was required based on soil test results (University of Tennessee Soil, Plant and Pest Center, Nashville, TN). All sites were planted in early May into a conventionally prepared seedbed where ground was tilled and cultipacked before using a no-till plot drill to plant. Plot size at Knoxville was 1.8 by 7.6 m (12.9 m 2 ) and at Crossville and Springfield was 1.5 by 7.6 m (11.4 m 2 ).
Treatments
Treatments of NWSG composites were: Treatment 1, 100% SG monoculture; Treatment 2, a two-way blend of 65% BB and 35% IG; and Treatment 3, a three-way mixture of 50% SG, 35% BB, and 15% IG (50:50 ratio of Treatments 1 and 2). Seeds were blended to the appropriate ratios based on mass of pure live seed. Seeding rates were: SG, 6.7 kg ha -1 ; BB+IG, 5.4 kg BB ha -1 and 2.8 kg IG ha -1 ; and SG+BB+IG, 3.4 kg SG ha -1 , 2.7 kg BB ha -1 , and 1.4 kg IG ha -1 (Bates et al., 2008) . The cultivars Alamo SG, Rumsey BB, and OZ-70 IG were used in this study. Alamo is a lowland type SG that has been used in biomass production. Rumsey and OZ-70 are cultivars that were adapted to the southeastern growing conditions and are available through Roundstone Native Seed LLC.
Weed Control
During the study, plots containing SG were mowed twice to reduce weed competition during the establishment year. In the first year after establishment, metsulfuron (14.0 g ai ha -1 ) (2-[[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl)amino]-oxomethyl] sulfamoyl]benzoic acid methyl ester) was applied to BB+IG plots for broadleaf weed control. No herbicide treatment was required on the plots containing SG. Once the study was in the second year after establishment, weed control was not necessary.
Fertilization
Plots were fertilized annually with 101 kg N ha -1 with urea (46-0-0). The biomass harvest (BH) treatment received one N application at green-up in mid-April, whereas the dual-use treatments received half at green-up and the remaining half after the early-season forage harvest. Lime, P, and K were not required at Knoxville and Crossville. Springfield required a spring application, in Year 2, of 101 kg P ha -1 in the form of diammonium phosphate at green-up, and N was adjusted for the N content of the biomass harvest at University of Tennessee Soil, Plant and Pest Center.
harvest
Harvest treatments were implemented during 2010-2012 and consisted of BH, EB+BH, and ESH+BH. Forage harvest timings were based on the growth stage of SG monoculture. Timing for EB was at stem swell due to the development of the seedhead and flag leaf formation. Typically this occurred from the last week in May to the first week of June, depending on location. At ESH, a seedhead was emerged and fully expanded from the sheath, which corresponded to approximately the last week of June. The average interval between EB and ESH during the course of the study was 27 d. The BH harvest took place after the first killing frost for each location.
Plots were harvested at a 15-cm residual height using a flail-type small-plot harvester (Carter Mfg. Co., Inc.; Swift Machine and Welding Ltd.). A 0.9 by 7.6 m harvest strip was removed from center of the plot area, resulting in a harvested area of 6.9 m 2 . Harvested forage was weighed, and a subsample was dried at 60°C in a forced-air oven for 72 h to determine moisture content and, ultimately, yield (Murray and Cowe, 2004) . Additional stand density data were collected using a transect method often used in wildlife canopy observations. After reviewing the data, the authors concluded that the visual observations were a reliable substitute for the transect method and therefore did not include these data with the rest of the results. The stands of NWSGs were representative of the monoculture and mixtures at planting. However, we do not have data to represent comparison to the transect data that were not suitable for an agronomic study.
Climatological data
Rainfall and temperature data were collected by a weather station located at each study site. The 30-yr monthly mean rainfall for each location (ID: USC00404946, East Tennessee Research and Education Unit; ID: USC00402202, Plateau Research and Education Unit; and station ID: USC00408562, Highland Rim Research and Education Unit) indicated that annual totals were greater than or within 15% of the 30-yr mean for the study period (Golden Gate Weather, 2014) .
near Infrared Spectroscopy Analysis
Near-infrared spectroscopy (NIRS) technology (FOSS 5000, FOSS NIRSystems, Inc.) was used to determine forage nutritive values and biomass quality. Equations for the forage nutritive analysis and biomass quality were standardized and checked for accuracy using the grass hay equation developed by the NIRS Forage and Feed Consortium. The NIRS equations provided by the NearInfrared Spectroscopy Consortium (NIRSC) were expanded with cooperation from this research study to include all the NWSG treatments and harvested material. Original equations for NIRS analysis were developed and compared with the wet chemistry results provided by Dairy One Analytical. These equations were then shared with the NIRSC to expand the grass hay equation, allowing outliers to be included in their database. Samples determined by the NIRSC as necessary additions included the NWSG mixtures for all harvest treatments, and expansion was performed to include biomass material harvested at post-frost senescence. Wet chemistry was performed on the selected samples and spectra recorded into the equation. Win ISI II (Infrasoft International LLC) software was used for NIRS analysis. The Global H statistical test compared the samples against the model and other samples within the database for accurate results, where all forage samples fit the equation with H < 3.0 and are reported accordingly (Murray and Cowe, 2004) . Although the NIRS analysis is a predictive method, the treatments within this study fit the grass hay equation released by the NIRSC in 2012. This included the biomass material from all NWSG treatments as well as early-season harvests for forage.
Estimated biofuel yield was not reported in this study because mixed NWSG was not part of the current equation provided by the NIRSC to predict ethanol yield and components (Vogel et al., 2011) . Current research suggests in vitro true dry matter digestibility at 48 h (IVTDMD48h) could become a leading constituent for estimating biofuel conversion efficiency from switchgrass and possibly other NWSG (Vogel et al., 2011 (Vogel et al., , 2013 . However, using data from the quality constituents allowed for a calculated digestible biomass (DB) using yield data in Fig. 2 from McIntosh et al. (2015) multiplied by the IVTDMD48h. Nutrient removal was calculated by converting crude protein (CP) to N by dividing CP by 6.25. The P and K were converted to oxide forms to report appropriate removals. Van Soest et al. (1991) calculations for cellulose (% ADF -% Lignin) and hemicellulose (% NDF -% ADF) were used to determine biomass quality attributes.
Statistical methods
Dependent variables (CP, ADF, NDF, total digestible nutrients [TDNs], P, K, lignin, cellulose, hemicellulose, digestible biomass, N, P, P 2 O 5 , K, K 2 O, ash, and IVTDMD48h) were analyzed under a randomized complete block design with a factorial arrangement of the three NWSG composites and three harvest treatments replicated four times over 3 yr. Data were analyzed using SAS and the MIXED procedure with repeated measures (autoregressive variance structure) over 3 yr (SAS Institute, 2012) . Random effects [replication × location (year)] were included in the model, with fixed effects being NWSG and harvest. Based on preliminary analysis, main effect differences in forage and biomass yield for year and location were not significant (P > 0.05); therefore, results were pooled over those factors in the subsequent model. These data were separated into forage nutritive values and biomass quality for comparison. Results are presented with the two-way interaction NWSG × harvest. Normality of residuals was assessed by the Shapiro-Wilk test (W ≥ 0.90). Mean separations were conducted using Fisher's protected LSD with a = 0.05.
RESulTS And dISCuSSIon

Forage nutritive Values
Forage nutritive values were affected by both harvest timing and NWSG species composition. As expected, delaying harvest from EB to ESH caused a reduction in nutritive values. Forage harvested at EB had greater CP (109.4 vs. 89.5 g kg -1 ; P < 0.001) and TDNs (576.4 vs. 552.0 g kg -1 ; P < 0.001) compared with ESH. Crude protein also measured lesser in ADF (393.9 vs. 415.6 g kg -1 ) and NDF (658.6 vs. 694.2 g kg -1 ) compared with ESH harvest (P < 0.001). This agrees with the paradigm of the decrease in forage nutritive values with advancing plant maturity (Ball et al., 2015) .
There were CP differences in the two-way interaction of NWSG × harvest from EB to ESH; however, CP for all NWSG mixtures were greater in the EB harvested forage (P = 0.067) ( Table 1 ). The BB+IG and SG+BB+IG were similar in TDN and fiber measurements within forage harvest timing (Table 1) . When harvested at EB, BB+IG and the three-way mixture (SG+BB+IG) produced greater TDNs and lesser ADF and NDF than did SG (Table 1) . However, CP content was greater for BB+IG at EB (Table 1) . When harvested at ESH, CP, ADF, and TDN values were similar for BB+IG and for SG+BB+IG, but NDF were less for BB+IG (Table 1) . Switchgrass generally had the least nutritive value, whereas BB+IG was greatest (Table 1) .
Forage nutritive values were highly dependent on the plant growth stage at harvest. Forage harvested at EB had greater CP and TDNs compared with ESH for all NWSG (Table 1) .
Including SG with BB+IG produced forage of similar nutritive value to BB+IG. The addition of SG to BB+IG to produce the three-way mix resulted in improved forage nutritive values over the SG monoculture (Table 1) . Regardless of the NWSG chosen to include in a mixture, the greatest forage nutritive values were produced when forage was harvested at EB.
Biomass Quality
Switchgrass harvested after the first frost is currently the standard recommendation for biomass management . This BH treatment produced the greatest biomass yield of all the harvest treatments in Fig. 2 of McIntosh et al. (2015) . Data reported here indicate that biomass from this treatment contained the greatest ADF, NDF, and cellulose and the least N and P (Table 2) . Taking an EB harvest decreased the ADF, NDF, and cellulose content of the biomass, with the later harvest timing (ESH) having the larger decrease (Table 2 ). Forage removal with the EB and ESH resulted in greater N and P in the BH (Table 2) .
Biomass from BB+IG and SG+BB+IG harvested only in the fall had lesser ADF and cellulose, as well as greater N and P, compared with SG harvested at BH ( Table 2 ). The NDF level for BB+IG was similar to SG harvested at BH (Table 2) . Taking a forage harvest at EB from BB+IG and SG+BB+IG did not affect the fiber content or N, P, or K level in the fall biomass. Where cellulose, lignin, and hemicellulose are the greatest factors influencing the conversion of biomass to liquid fuels changes according to whether the constituents with a harvest treatment could alter the efficiency of conversion techniques (Jacobsen and Wyman, 2000) . For the BH, all NWSG treatments (SG, SG+BB+IG, and BB+IG) had ash content between 42.0 and 48.5 g kg -1 , with no significant difference due to treatment (Table 2 ). There were no NWSG × harvest interactions or main effect differences for ash (P = 0.126) and lignin (P = 0.368) ( Table 2 ). Lignin concentrations were consistent and not different across all NWSG and harvest treatments, ranging from 61.2 to 68.2 g kg -1 (Table 2) . Hemicellulose concentration was not affected by treatment (NWSG × harvest) ( Table 2 ). When forage harvest was delayed until ESH, however, ADF, NDF, and cellulose decreased (Table 2) . Fiber profile similarities between BB+IG and SS+BB+IG were maintained across harvest treatments (Table 2) . Biomass cellulose were significantly § CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent fiber; TDN, total digestible nutrient. ¶ Means within a column not sharing a lowercase letter are significantly different for the harvest × NWSG interaction (Fisher's protected LSD, a = 0.05). # Crude protein differences reported at the 0.1 probability level (P = 0.067). † † Nonsignificant at the 0.05 probability level.
different between the three NWSG mixtures when harvested at BH, with SG having the greatest level, followed by BB+IG (Table  2) . End-of-growing-season cellulose decreased compared with EB when early-season forage growth was removed (Table 2) .
digestible Biomass
Biomass digestibility in vitro was used to estimate the ability of microbes to digest the biomass from the various treatments. There were no differences in biomass IVDMD48h between BH, EB+BH, and ESH+BH for any NWSG treatment (Table 3) . Using these data, DB was determined by multiplying biomass yield found in Fig. 2 of McIntosh et al. (2015) by IVTDMD48h (Table 3 ). The SG monoculture had the greatest DB of 7.4 Mg ha -1 at BH, making it a desirable biomass crop (Table 3) . Using BB+IG or SG+BB+IG resulted in less DB biomass in the EB+FD and ESH+FD harvest treatments; however, that was not the case for DB at BH, where the three-way mixture was statistically the same as SG (Table 3 ). This DB relates to plant maturity and time between early-season forage removal and the plants in fall senescence when above-ground material dies.
Total nutrient Removal
Total macronutrient removal was calculated using previous yield data presented in McIntosh et al. (2015) with the nutrient content data presented in this manuscript. To calculate combined nutrient removal amounts, the CP was converted to N (CP ÷ 6.25) and the P and K to oxide forms of phosphate and potash (Table 1) . Then, the respective forage (Table 1) and biomass nutrient contents (Table 2) were multiplied by their respective yield found in Fig. 1  and 2 of McIntosh et al. (2015) to estimate total nutrient removal. These were summed to determine total N, P, and K removal for each treatment (Table 4 ). The least total nutrient removal for all NWSG harvest treatments occurred at BH (Table 4) . When an early-season forage harvest was taken, there was an increase in Table 3 . Digestibility attributes of biomass averaged across three experimental locations (Knoxville, Crossville, and Springfield, TN) and 3 yr (2010) (2011) (2012) et al. (2015) . # Means within a column not sharing a lowercase letter are significantly different for the harvest × NWSG interaction (Fisher's protected LSD, a = 0.05). † † Nonsignificant at the 0.05 probability level. Table 2 . Biomass quality averaged across three experimental locations (Knoxville, Crossville, and Springfield, TN) and 3 yr (2010-2012) . N, P, and K removal for all NWSG treatments (Table 4) . Total P and K removal was similar between SG and SG+BB+IG, whereas BB+IG removed significantly less N, P, and K, primarily due to lesser yield found in Fig. 1 and 2 of McIntosh et al. (2015) . The removal amounts of total P and K for SG were similar to the results reported by de Koff and Abimbola (2015), who found similar yield and concentrations of P and K in SG under similar harvest timings. Additionally, research by Lindsey et al. (2013) in Tennessee determined that, although K decreased for the BH harvest, there were greater concentrations of P and K throughout the growing season (Table 4) . As stated in Materials and Methods, soil testing and fertilization occurred on the entire study area, not on an individual plot basis. Therefore, there should be reservations about making major conclusions based on these removal rates. However, these data indicate that total nutrient removal will be significantly increased if a forage harvest is taken before the biomass harvest. The increased nutrient removal in a dual-use harvest system will increase the importance of routine soil testing for NWSG fields used for both forage and biomass. Taking an early-season forage harvest also significantly increased the total removal of N, P, and K. Data presented here agree with Kimura et al. (2015) , which showed that as yield increased with plant maturity the potential for nutrients removed increased over time. Based on removal rates shown in this study, a dual-use system will require significantly greater N, P, and K replacement fertilization than a biomass-alone system. Current recommendations for biomass production in Tennessee are for P and K applications only on soils with low nutrient status with <20 kg P ha -1 and <101 kg K ha -1 (University of Tennessee Soil, Plant and Pest Center, 2012 ). An economic analysis of this study can be found in Boyer et al. (2015) .
ConCluSIonS
A dual-use forage and biomass system can be successful, depending on the goals of the producer and on which marketable product is needed. Harvest timing and NWSG in mixture can be used to alter yield and quality characteristics of both the forage and the biomass. Producers will need to consider the economic value of the forage and biomass crop as well as the expenses involved with these harvest scenarios. For alternative energy and fuel production, these data confirm that SG harvested at BH will produce the greatest quality biomass material according to current industry standards. Forage harvest nutritive values of NWSG in mixture can support livestock with adequate nutrition, particularly if the early harvests are made at the EB stage of growth. Delaying harvest until ESH will affect the quality of the forage harvested as well as the yield and chemical characteristics of the biomass. The use of NWSG in mixture can alter quality attributes in both forage and biomass systems and has the potential to become a management practice for manipulating forage and biomass quality. Table 4 . Nutrient removal for forage, biomass, and combined harvests averaged across three experimental locations (Knoxville, Crossville, and Springfield, TN) and 3 yr (2010) (2011) (2012) § Forage yield data used for nutrient removal calculations found in Fig. 1 of McIntosh et al. (2015) . ¶ Means within a column not sharing a lowercase letter are significantly different for the harvest × NWSG interaction (Fisher's protected LSD, a = 0.05).
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